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INTRODUCTION
The subject of the radiation chemistry of any aqueous 
solution must necessarily begin with a discussion of the 
radiation chemistry of water. This is especially true when 
dilute solutions are considered, for here, reaction of the 
solute is with the products of the radiolysis of water exclu­
sively, rather than with the radiation itself.
In 1944, it was proposed^ that radiolysis leads
directly to the decomposition of water into radicals:
H20 -> H- + OH- (1)
and that any ionic species formed would be too unstable to
undergo reaction with solute. Such ionic species were sup­
posed to react with solvent molecules to yield radical pro­
ducts :
H 20 — ^  H 20+ + e"
H 20+ + H 20 -> H 30+ + OH-
H30+ + e~ -> H 20 + H-
Later, it was found that charged species are indeed formed
2
and may play a significant role in the radiolysis of water.
3 4 . . .
The present theory ’ concerning water radiolysis is
again a radical theory, but the newly observed ionic species,
5 6





2In the primary event, it is thought that a Compton 
electron passes through the water, leaving excited water 
molecules, as well as ionized water molecules in its track.
H 20  ►  H 20*, H 20+ , e~q (2)
(* refers to an electronically excited species)
During this process, some of the secondary electrons formed 
from the ionization of water have enough energy to carry on 
the same process, but are moving in a direction different from 
that of the primary Compton electron. Thus the active species 
in radiolysis of water occur both along the track of the pri­
mary Compton electron and in the so-called spurs produced by 
the secondary electrons.
Ex'cited water is then thought to decompose according
to4 :
H 20* -» H- + OH- (3)
which gives a net reaction for the primary event of:
H„0 H- , OH- , H_0 , e (4)
5 2 5 aq2 ’ 5 
It is also observed, in the radiolysis of pure water,
that certain amounts of hydrogen gas and hydrogen peroxide
3
are produced. These are yields which are unaffected by 
scavengers, and are thus known as primary yields. It is
thought that such yields are due primarily to recombination
8 9 7
of radicals in the spurs 5 , where scavengers are ineffective.
H- + H- -» H 2 (5)
OH- + OH- -» H 202 (6)
H- + OH- -*• H 20 (7)
3It also has been proposed recently that the excited water 
itself might be the direct precurser of hydrogen^, and 
that hydrogen can thus be formed in more than one w a y . ^  
This theory considers excited water to consist of the radi­
cal pair (H^O^OH), and considers hydrogen gas to be formed 
by the reactions:
(H20-H20) H30-0H (8)
H30-0H -> H 2 , H 20 2 , H 20 (9)
This approach to the radiation chemistry of water, 
then, has given a fairly clear explanation of the molecular 
yields of peroxide and hydrogen, and has explained the oxi­
dizing species as hydrogen peroxide and O H * . The situation
12
concerning the reducing species is not as clear, however.
13 14
It was not until recently that the hydrated electron ’ was 
experimentally demonstrated, and shown to be the primary re­
ducing species, as opposed to the hydrogen radical. It has 
now been s h o w n ^ , however, that the hydrated electron and the 
hydrogen radical are interconvertible and thus the trend is 
now to speak of the reducing species in general, rather than 
either the hydrogen radical or the solvated electron.
e" + Ho0+ -> H- + H o0 (10)aq 3 2 v
Since most of the reactive species are formed in close 
proximity to one another during the primary process, one would 
also expect other reactions between them than the ones outlined 
above. Such reactions have been shown to take place^, and can
4be written:




o h " + OH- (12)
e
aq










H 2 + OH" (15)
h 3o + + OH" 2H20 (16)
OH* + H 2
-> h 2o + H* (17)
H* + OH" e
aq
(18)
OH* + H 2°2
~> h 2o + h o 2 - (19)
H* + H 2°2
-> h 2o + OH- (20)
H* + h 3o + -> H 2+ + h 2o
(21)
Although all these reactions are possible, all do not neces­
sarily take place. Many other factors will also enter into
consideration, such as pH effects^ ^ , solute effects^,
20
states of aggregation and so forth.
Thus, in aqueous radiation chemistry one must consider 
that there are five species primarily formed by interaction of 
ionizing radiation with water:
H20  H* , 0H-, e" , H2 , H 20 2 (22)
It is now necessary to consider the quantitative 
aspects of this problem. Many studies have been made on the
53 11 17 19 21 22 
yields of the various species in water radiolysis 5 ’ ’ 5 5
usually using pulse radiolysis and/or scavenger methods. These
results are reported as molecules per 100 ev absorbed, or G
values. There is some discrepancy in the literature as to what
these values should be, but the best values seem to be those
given in Table 1:
Table 1














Previous work in this laboratory ’ had been done 
on the radiolysis of aqueous and alcoholic solutions of the 
Orange family of azo dyes. Through this work, interest arose 
in determining the radiation chemistry of the R-N=N-R bond, 
and it was decided that this work would be concerned with 
that problem.
The primary consideration was to make the system as 
simple as possible, and thus it was decided that all work
6would be done in dilute aqueous solutions, and that alcoholic
solutions would be ignored for the purposes of this study.
Some work on the identification of products of Methyl
24 25
Orange and Orange IV radiolysis ’ led to the conclusion 
that these molecules, and consequently all of the azo dyes, 
were much too complicated to give the desired simplicity. 
Thus, an effort was made to find the simplest molecule possi­
ble which had the -N=N- bond, and also the desired solubility 
properties. Cinnoline (I) was the molecule finally chosen.
I
2 6
From the literature , it was determined that this molecule 
had all of the desirable properties, and thus this study was 
concerned with the radiation chemistry of dilute aqueous cin­
noline solutions. Solutions were all dilute to insure that 





All irradiations were done using a 62 curie cobalt-60 
source obtained under grant A T (30-1)-1911 from the Atomic 
Energy Commission. This source is composed of cobalt pellets 
enclosed in a rectangular brass container, 3/4" x 3/4" x 2", 
which is attached to the end of a brass rod which can be raised 
and lowered in the shielded compartment.
The samples to be exposed are placed in a metal can,
2 1/2" in diameter and 5" high. This can can then be placed
on the sample stages of the source. The sample stage consists 
of a brass plate connected to an electric motor which turns 
the stage at 4 r.p.m. Thus the sample is rotated during irradi­
ation to average out any geometrical inequalities. When the 
sample has been placed on the sample stage, the source mecha­
nism can be used to put the sample into the shielded compart-
27 2i
merit. Then the source is lowered and irradiation commences. ’
The irradiation vessels used were of two types. The so-
28
called "rabbit ears" vessel was a hollow, double-walled con­
tainer with a capacity of 100 ml. This type vessel was sealed 
with corks and paraffin when in use, and was used when attention 
was focused on the liquid sample itself.
A soft glass ampoule of 4 m l . capacity, and equipped 
with a break seal, was used when gaseous products were under 
investigation.
Cobalt-60 decays according to the reaction:
27C°60 28N±6° + P ~ + 7 (22)
8The beta particles are of 0.306 Mev. energy and are absorbed 
by the source container. Thus radiolysis is due only to the 
7-rays of 1.173 Mev. and 1.332 Mev. energy.
2. Instrumentation
All instruments were used in the normal manner, with 
no extra attachments unless otherwise noted.
a. All recorded ultraviolet (U.V.), near infrared (NIR), 
and visible spectra were taken on a Perkin-Elmer 
Model 4000 Spectracord recording spectrophotometer. 
Photovolt 1.00 cm. silica cells were used as sample 
containers for all samples.
b. Optical density (O.D.) measurements were made on a 
Beckman, model D.U. spectrophotometer in conjunction 
with the previously described Photovolt cells. Opti­
cal densities and other measurements made on this 
instrument will be indicated by the subscript D.U.;
e.g., eDu ’ 0DDU*
c. Some optical densities in the visible range were made 
on a Bauch and Lomb Spectronic 20 spectrophotometer. 
Measurements made on this instrument will be given a 
subscript 20; e.g., e20’ ®^20’
d. All infrared spectra were taken as mulls or smears, 
using a Perkin-Elmer model 337 grating Infrared 
Spectrophotometer, using sodium chloride discs for 
sample support.
e. All polarographic work was done on a Sargent model 
XXI Polarograph, using a polarographic cell with an 
agar plug and a dropping mercury electrode (D.M.E.).
9When necessary, potentials were measured vs. the 
standard calomel electrode (S.C.E.) with a Leeds 
and Northrup student potentiometer.
f. Gas analyses were made on Perkin-Elmer model 154B 
Vapor Fractometer equipped with Molecular Sieve 5-A 
columns. Thermistors were used as detectors and 
output was recorded on a Photovolt Microcord Model 44 
strip-chart recorder having a variable range from
0.5 mv to 10 mv.
g. N.M.R. spectra were run on a Varian Associates model 
A-60 Analytical N.M.R. Spectrometer.
h. Molecular weights were determined on a Mechrolab Inc. 
model 301A Vapor Pressure Osmometer, using toluene
as solvent.
i. Carbon, hydrogen, nitrogen analyses were run on an
F and M model 180 Carbon-Hydrogen-Nitrogen Analyzer.
j . Refractive Indices were taken on a Bauschand Lomb 
type 33-45-56 Abb£ refractometer.
3. Reagents and Solvents
a. Water
All water used was prepared from laboratory distilled 
water by passing it through a Barnstead mixed bed ion ex­
change column (No. 0808) and then a Barnstead organic re­
moval column (No. 0812). This gave water containing ionic 
impurities corresponding to 1 p.p.m. as NaCl.
b. Reagents
The reagents used were all of A.R. grade, and were used
10
without further purification.
The cinnoline used for this investigation was Aldrich 
No. C8210. This compound was stored cold under a nitro­
gen atmosphere, and was never allowed to come into con­
tact with the air.
Part B Experimental Measurements
1. Calibration of the Source
The cobalt-60 source was initially calibrated using
29
the standard Fricke dosimeter. A standard sample of ferric 
ion was first prepared by oxidizing ferrous ammonium sulfate 
with hydrogen peroxide. A known amount of the ferric ion 
solution thus prepared was then diluted, providing a series 
of solutions with known ferric ion concentration. The opti­
cal densities of these solutions were then measured on the
29
Beckman D.U. at 305 mji , and a curve of O . D . ^  vs. concen­
tration was prepared (Fig. 1). The slope of this curve gave 
= 2340 at 28.5°C. This value was then corrected to give
e = 2283 at 25.0°C by decreasing the value 0.707> per degree
„ • j 29 centigrade.
Calibration of the source was carried out using 100 
ml. radiation vessels. These vessels were filled with Fricke 
solution and irradiated from 10 to 60 min. in 10 min. in­
crements. The optical densities of the irradiated solutions 
were then measured on the D.U. at 305 mp. From these measure­
ments, the measured density of the solution of 1050 g/l., and 
the known G(Fe^+) = 15.6^, the dose rate of the source was 
found to be 80,400 + 300 R/hr.
*
1 Rad = 100 ergs/gram








































From the known decay rate of cobalt-60 (t^/2 = 3*27y.), 
the dose rate of the source was recalculated from time to time 
as needed.
At a later date, the source was recalibrated for the 
5 ml. radiation vessels, using the method described above.
It was found that for six of the 5 ml. vessels, placed sym­
metrically about the sample holder, the dose rate was constant 
from sample to sample, and was the same as that determined for 
the 100 ml. vessels.
2. Preliminary Studies on Cinnoline
The ultraviolet spectrum of an aqueous solution of
cinnoline was taken (Fig. 2) and peaks were found at 320, 291,
31 32
and 281 mji. This agrees well with the literature spectra. ’ 
An infrared spectrum was also taken of cinnoline mulls for
reference purposes (Fig. 3). This was also in agreement with
i. i • 31the literature.
When cinnoline is left in contact with air, it changes 
from a light yellow solid to a yellow-green oil. When this 
oil was treated with warm dry air, a yellow solid reappeared. 
The infrared spectrum (Fig. 4) of the oil formed is super- 
imposable on the original spectrum of cinnoline, except for a 
large, broad peak centered at about 3500 cm. . The recovered 
yellow solid showed an infrared spectrum identical to that of 
cinnoline. A stream of dry oxygen was then passed over a 
solid sample of cinnoline, and no change was observed. When 
the stream was removed and cinnoline was again allowed to come 
into contact with air, the yellow green oil again formed.
From this evidence, it was concluded that cinnoline is 
extremely deliquescent, and that the yellow-green oil formed 
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A series of solutions of known cinnoline concentra­
tion was prepared and the optical denisites of these solu­
tions were measured at 320 mp and at 291 mp, using the Beckman
D.U. Plots of vs. concentration were prepared for
each wavelength, and both plots showed that cinnoline obeys 
Beer's Law well at both 320 m p  and 291 mp. From these plots,
the information in Table 2 was obtained.
Table 2
Extinction Coefficients of Cinnoline 
at 320 mp and 291 m p
a See ref. 5
lit. value
:DU 108 £DU log £DU
320 mp 2.34 x 103 3.369 3.44a
291 m p  1.95 x 103 3.290 3.38a
3. Determination of a Method for Analysis of Cinnoline 
in the Presence of the Radiation Products
A sample of cinnoline was weighed out and dissolved 
in distilled, deionized water. This solution was then thoroughly 
deaerated by purging the solution with nitrogen gas for about 
two hours. The solution was then transferred to a 100 ml. radi­
ation vessel in a nitrogen atmosphere, and the vessel was sub­
sequently sealed. All subsequent samples of deaerated cinnoline 
solution were prepared in this manner.
When these samples were irradiated, it was observed that
17
a straw-yellow color was produced in the solution that had 
been colorless, previously. A series of ultraviolet spectra 
of cinnoline solutions, irradiated for various lengths of 
time (Fig. 5), showed the relative intensity of the peak at 
320 p p  to be decreasing, while the relative intensities of 
the 291 and 281 mp peaks increased. A solution irradiated 
for 23.5 h r s . showed no peak at 320 mp, but some absorption 
was present, so it was concluded that ultraviolet spectros­
copy was not a suitable method for analysis of cinnoline.
Visible spectra were taken of both the irradiated and unirra­
diated solutions, but no peaks were observed.
The aromatic character of the cinnoline molecule 
suggested that fluorescence measurements might be used as an 
analytical method. Thus fluorescence spectra were run on both 
the irradiated and unirradiated samples using a spectrophoto- 
fluorometer built by Dr. David Ellis in this laboratory.
Since the ultraviolet spectra showed absorption at 320 mp, 
this should be used as the excitation wavelength, but since a 
much more intense mercury emission occurs at 313 mp, this 
wavelength was used instead.
The fluorescence spectrum of cinnoline in water showed 
a peak at 465-470 m p  while the irradiated sample showed a peak 
at 475-480 mp. Since both fluorescence bands are quite wide 
the difference in 4max is not enough to be considered useful.
The fluorescence in the irradiated solution is, then, probably 
due to residual cinnoline. Thus this method could not be used 
for analysis.
It was thought that since cinnoline is a basic molecule, 
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Titrations were carried out using a Leeds and Northrup Staba- 
lized pH meter, model 7401, in conjunction with a General 
Electric strip chart recorder, type CE-6. No sharp breaks 
were observed in a plot of pH vs. ml. of hydrochloric acid 
added, so it was concluded that this method could not be used 
for analysis.
It was thought that polarography might be an accep­
table method for cinnoline analysis. Thus a sodium acetate- 
acetic acid buffer was prepared, such that 25 ml. of the stock 
buffer solution would give a solution of pH = 5.0 when diluted 
to 50 ml. To 25 ml. aliquots of buffer solution, the follow­
ing were then added:
a. 25 ml. stock cinnoline (various concentrations)
b. 25 ml. completely irradiated cinnoline
c. 12.5 ml. stock cinnoline plus 12.5 ml. of 
completely irradiated cinnoline
These solutions were then deaerated by purging with nitrogen 
gas, and polarograms were run at 25°C.
A reversible wave was obtained for those solutions 
containing only stock cinnoline (a), while no wave was obtained 
for the solutions containing only the completely irradiated 
cinnoline (b). When the solutions containing both stock cinno­
line and the completely irradiated solution (c) were run, a 
reversible wave was obtained which had a wave height equal to 
that of a solution prepared from the same amount of stock cin­
noline. When the concentration of the cinnoline stock solution 
was plotted vs. the polarographic wave height, a straight line, 
extrapolating through the origin, was obtained (see Fig. 8). 
Thus it appears that cinnoline has a reversible polarographic 
wave, and that the radiation products do not interfere with 
this wave.
20
To obtain the optimum conditions for the polarography, 
a series of buffer solutions was prepared such that the solu­
tions would be of constant ionic strength, jj = 0.20, and range 
in pH from 1.0 to 5.0, when each solution was diluted by a 
factor of two. Polarograms were then run at 25°C of degassed 
solutions of 25 ml. of stock cinnoline plus 25 ml. of each of 
the buffer solutions. From these data, it was concluded that 
pH influences the half wave potential of cinnoline, but does
not influence the wave height within experimental error.
34
Computer analysis of the data obtained gave the 
results shown in Table 3:
Table 3
Computer Analysis of Polarographic Data for Cinnoline 
Reduced at the Dropping Mercury Electrode
Cinnoline Average Electrons
Solution concentration(M) pH 1/2 ^1/2 transferred
1 3.45 x 10"4 4.0 0.573 0.574 2.1
0.574 2.2
2 3.45 x 10“4 3.0 0.547 0.548 2.0
0.549 1.9
3 3.45 x 10“4 2.0 0.523 0.527 1.7
0.532 1.8
4 3.45 x 10“4 1.0 0.509 0.512 1.6
0.516 1.6
From these data and results, it can be determined that this 
is a two electron transfer at the dropping mercury electrode,
21
and that varies with pH as:
v - pH - 0.99 ,9/ .
1/2 43.3 ( ^
In order to determine what product is formed at the 
D.M.E., it was decided to carry out an electrolysis of cinno­
line simulating the conditions at the D.M.E. An electrolysis
35
cell was thus constructed by connecting a side arm to the
bottom of a 250 ml. Erlenmeyer flask. Clean mercury was then
introduced into the flask so that the pool at the bottom of
the flask covered the side arm opening. A magnetic stirring
bar covered with teflon was placed on the mercury surface. A
-3
solution of 5.0 x 10 M cinnoline buffered to pH - 5.0 was 
then put into the flask, and a platinum black electrode was 
fastened into the top of the flask. The mercury electrode 
was connected by a copper lead through the side arm. Using 
an ATR Battery Eliminator (610C-ELIF), a current of 0.05 am­
peres at V = -3.5V was applied across the cell. At various 
times after starting the electrolysis, an aliquot of the solu­
tion was removed and its ultraviolet spectrum was taken (Fig.6) 
After 21 hrs., the electrolysis was assumed to be complete, due 
to the complete disappearance of the 320 m u  peak of the cinno­
line spectrum.
The U.V. spectrum of the final electrolysis product is
3 6
identical to the ultraviolet spectrum of 1 ,4-dihydrocinnoline 
except for a small difference in ^max which can be attributed 
to a solvent shift. (See Fig. 7)
Since the reaction is a two-electron change, which 
corresponds to formation of a dihydrocinnoline; the U.V. spec­
tra of the reduced product corresponds to the known spectrum
of 1 ,4-dihydrocinnoline; and the 1,4-dihydrocinnoline produces
37
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electrolysis mixture. It is concluded that the product formed 
during polarography of cinnoline is 1 ,4-dihydrocinnoline:
H
4. Determination of G(-cinnoline)
In order to determine G(-cinnoline), it was neces­
sary to prepare a new calibration curve of wave height vs. 
concentration. It was decided to run the new calibration at 
30.0°C, since the constant temperature bath could be more 
closely controlled at this temperature than at 25°C, and also 
since the wave height, W ji mole, is greater at 30°C.
Thus a series of standard cinnoline solutions were 
prepared and polarographed at 30.0°C and pH = 5.0, with the 
results shown in Table 4.
a . In deaerated solution
-4A stock solution of 2.85 x 10 M cinnoline was pre­
pared. This solution was then deaerated by purging with 
nitrogen gas, and was transferred to 100 ml. irradiation 
vessels under oxygen-free conditions. The solutions were 
then irradiated for various lengths of time. After irradia­
tion, 25 ml. of the irradiated solution was pipetted into
25.00 ml. ot a sodium acetate-acetic acid buffer prepared such 
that it would be pH = 5.0 when diluted by a factor of two.
The resulting solutions were again deaerated by purging with
G(x) = molecules of x formed per 100 ev. of radiation 
absorbed by the system
G(-x) = molecules of x destroyed per 100 e v . of radiation 
absorbed by the system
Table 4
Determination of Cinnoline Concentration vs. Polarographic Wave Height 
Cinnoline
concentration Wave Average wave Sensitivity Wave height
Solution (x 10"^ M) height (mm) height (mm) (ga/mm) ( jaa)
1 6.90 167 169 0.030 5.07
171
2 5.17 129 132.5 0.030 3.98
136
3 3.45 91 - 0.030 2.75
185 0.015
4 1.725 133 135 0.010 1.35
137
5 0.345 67 76 0.004 0.310
85
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nitrogen gas. The deaerated solutions were allowed to reach 
constant temperature in the constant temperature bath held 
at 30.0 °C. The solutions were then polarographed. The fol­




Irradiated, Deaerated, 2.85 x 10 M  Cinnoline Solutions
Irradi- Concentration A Concen-
ation Peak h t . of solutions tration
Solution time (jua)  (M)____  (M)
1 30 min 1.09 2.70 X io-4 0.15 X io-4
2 60 0.87 2.20 X io“4 0.65 X io-4
3 90 0.75 1.90 X io-4 0.95 X io-4
4 120 0.59 1.58 X io"4 1.27 X io"4
5 150 0.52 1.30 X io“4 1.55 X O 1
6 180 0.28 1.10 X io"4 1.75 X
ioT—1
These data were then plotted, and a straight line was 
obtained (Fig. 9). From the slope of Fig. 9, it was deter­
mined :
G(-cinnoline) = 0.91
A series of more concentrated solutions of cinnoline was then
-4
prepared. From irradiated 5.43 x 10 M  solutions it was
found that G(-cinnoline) = 0.913, which is within experimental
-4
error of the result for 2.85 x 10 M  solution.
-4
When a series of irradiated 5.70 x 10 M  cinnoline 
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of change of concentration vs. irradiation time was obtained, 
but that this plot did not extrapolate through the origin as 
it should. Calculating G(-cinnoline) from the points thus 
gave a value which was too high, and not constant. Later 
work reveals that this is probably due to the accelerating 
effect of oxygen which had not been completely removed from 
the system. Recalculating G(-cinnoline) from the slope of 
the plot, one gets 0.905, which is in good agreement with 
previous results.
b . H- Scavenged
It was considered desirable to carry out a deter­
mination of G(-cinnoline) under conditions where no H* could
react. This was done by introducing oxygen gas, which is
3 8
known to be a good scavenger for H * , into the system.
Hydrogen radical is scavenged by the reaction:
H- + 0 2 -> H02 (26)
Before analysis could be carried out, it was necessary
to be sure that no component of the system would interfere
with the polarographic analysis of cinnoline. Thus a solution 
-4
of 2.85 x 10 M cinnoline was prepared and saturated with 
oxygen by bubbling the gas through the solution for 1.5 hrs.
This solutions was then irradiated for 15 hrs to obtain com­
plete destruction of the cinnoline. Complete destruction was 
confirmed by the absence of a peak at 320 mja in the ultra­
violet spectrum of the solution. This spectrum was identical
in all respects to the ultraviolet spectrum of the completely
irradiated, deaerated system. The solution was then prepared 
in the manner described above, and polarographed. No polaro­
graphic wave was observed, thus indicating that nothing is
30
formed in this system which might interfere with the cinno­
line analysis.
To be sure that cinnoline could be analyzed quanti­
tatively in this system, a known amount of cinnoline was 
added to the completely irradiated solution. This solution 
was then polarographed and the observed wave height corres­
ponded to the known amount of cinnoline added.
-4
Accordingly, a solution of 2.85 x 10 M cinnoline 
was prepared and saturated with oxygen by bubbling the gas 
through the solution for two hrs. The solution was then 
introduced into radiation vessels and irradiated for various 
times. After irradiation, the solutions were buffered, de­
aerated, and allowed to come to constant temperature at 30.0°C. 
The solutions were then polarographed, and the results obtained 
can be seen in Table 6 and are plotted in Fig. 10. From the 
slope of Fig. 10 it is found:
G(-cinnoline) = 1.61
To be sure that saturation of the cinnoline solution 
with oxygen does not cause a reaction, a cinnoline solution 
of known concentration was prepared. This solution was then 
saturated with oxygen and allowed to sit for three days. 
Polarographic analysis of this solution showed the original 




In order to scavenge O H * , bromide ion was used. In 
this case, the following reaction is thought to take place:
OH* + Br -> Br* + OH (27)
Table 6









1 15 min 0.99 2.52 x 10“4
2 30 0.90 2.30 x IO-4
3 45 0.75 1.90 x 10"4
4 60 0.70 1.74 x IO-4
5 90 0.54 1.20 x 10"4









0.33 X io~4 1.915
0.55 X io“4 1.595




1.65 X io'4 1.580
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All bromide ion-containing solutions were made using Fisher 
A.C.S. sodium bromide (S-255) without further purification.
To be sure that bromide did not interfere with the 
cinnoline analysis, solutions of sodium bromide and sodium 
bromide in the completed irradiated solution were prepared.
No polarographic wave was observed for either solution. A 
solution of known cinnoline concentration in the presence of 
sodium bromide and the radiation products gave a polaro­
graphic wave consistent with the known amount of cinnoline 
in the solution.
-4
A deaerated solution of 2.85 x 10 M cinnoline was
-3
then prepared, and the solution was made 1.0 x 10 M in 
sodium bromide. This solution was then irradiated for various 
lengths of time, and polarographed in the manner described 
above. The results obtained are given in Table 7.
Similar studies were then carried out on deaerated
-4 -3
2.85 x 10 M cinnoline solutions which were also 5.0 x 10 M
(Table 8), 1.0 x 10~2 M (Table 9), or 5.0 x 10'2 M  (Table 10)
in bromide ion. The data shown in Tables 1, 8, 9 and 10 are
summarized in Fig. 11.
From the slopes of the various curves in Fig. 11,
G(-cinnoline) can be calculated for the various bromide ion 
concentrations. These results are given in Table 11. The 
data in Table 11 are plotted in Fig. 12. From this figure it 
can be seen that G(-cinnoline) asymptotically approaches 0.410 
as the bromide ion concentration increases. Thus, for com­




Polarographic Analysis of Irradiated, Deaerated Solutions, 2.85 x 10 M  in
-3














of solution(M) A Concentration(M)
1.60 X io-4 1.25 X io-4
1.86 X io"4 0.99 X io-4
2.10 X 10-4 0.75 X io-4
2.36 X io"4 0.49 X io-4
2.50 X
IOi—1 0.35 X io"4
2.54 X
<1*lo\—
i 0.31 X io"4




Polarographic Analysis of Irradiated, Deaerated Solutions, 2.85 x 10 M in
-3







of solution(M) A Concentration(M)
1 30 min 1.02 2.60 x IO-4 0.25 x 10'4
2 60 0.97 2.42 x 10"4 0.43 x 10'4




Polarographic Analysis of Irradiated, Deaerated Solutions, 2.85 x 10 M i n
_2







of solution(M) A Concentration(M)
1 60 min 1.01 2.54 x 10 4 0.31 x 10“4
2 90 0.93 2.36 x 10 4 0.49 x IO-4





Polarographic Analysis of Irradiated, Deaerated Solutions, 2.85 x 10 M in
_2
Cinnoline, and 5.0 x 10 M  in Sodium Bromide
Irradiation Peak height Concentration 
Solution time (jua ) of solution(M) A Concentration(M)
1 60 min 1.04 1.34 X io“4 0.17 X
1o1—
I
2 90 1.01 1.27 X 10-4 0.41 X io"4
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G(-cinnoline) for Deaerated 2.85 x 10 Cinnoline Solutions 
Containing Added Bromide Ion
[Br ] G(-cinnoline)
0.00 0.907
1.0 x 10“3 0.718
5.0 x 10"3 0.534
i n in"2 °*4451.0 x 10
5.0 x 10“2 0.411
5. Determination of G(H^)
a . Calibration of the Vapor Fractometer
Two 3' columns were packed with molecular sieve 5-A, 
50/60 mesh, and were activated by heating to 120°C for 10 hr s . 
These columns were then put into the Vapor Fractometer, the 
detectors were turned on, and the apparatus was allowed to 
come to temperature equilibrium. Various amounts of hydrogen 
gas (Matheson Prepurified) were then injected into the appa­
ratus, using a Hamilton 50 ul. gas-tight syringe. The column 
pressure was 10 lbs/in. ; T = 22°C, detectors = 6 . 6  V.; and 
nitrogen was used as carrier gas. The amount of hydrogen in­
jected was determined from the ideal gas law. The moles of 




















G(-cinnoline) vs. bromide ion con­
centration for irradiated 2.85 x 
10"^ M  deaerated solutions with 
added bromide ion
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b . In deaerated solution
_ Zj,
A solution of 2.85 x 10 M  cinnoline was prepared 
and deaerated by purging with nitrogen for 1 hr. This solu­
tion was then introduced into a number of 5 ml. irradiation 
vessels under oxygen free conditions, and the solutions were 
irradiated.
After irradiation, the samples were introduced into 
a Toeppler pump and, using standard technique, the hydrogen 
gas was transferred to a gas sampler adapted for the Vapor 
Fractometer. The samples were then run through the Vapor 
Fractometer, and the areas under the peaks were measured.
It was noticed at this time that no peaks appeared, other 
than the hydrogen peak. The results obtained are given in 
Table 12. These data gave an average value of
G(H2) = 0.45
39This value is the same as primary yield, Gu .
2
c . In aerated solution
A solution of 2.85 x 10 ^ M cinnoline was prepared 
and oxygenated by purging the system with oxygen gas. This 
solution was then transferred to the 5 ml. irradiation vessels 
and irradiated. After irradiation, these samples were ana­
lyzed on the Vapor Fractometer in the manner described above, 
and the results obtained are given in Table 13. These data 




Determination of GCH^) for Deaerated 2.85 x 10 M  Cinnoline Solutions
>ample
Peak








2.9 9.1 180 min
z.
0.267
2 14 2.6 7.8 180 0.280
3 29 5.3 7.9 180 0.561
4 29 5.3 8.0 180 0.555
5 11 2.0 9.1 125 0.265
6 21 3.8 7.9 125 0.579
7 20 3.7 8.0 125 0.558
8 20 3.7 10.2 125 0.438
9 23 4.1 11.0 125 0.450
10 20 3.7 7.9 155 0.455
11 27 4.9 10.2 155 0.467













time g (h ,i
1 33
Z ' 
6.0 9.1 161 min
Z.
0.618
2 32 5.8 7.8 161 0.696
3 40 7.3 10.2 161 0.670
4 36 6.6 10.1 161 0.614
5 28 5.1 9.1 95 0.880
6 12 2.1 7.9 95 0.418
7 30 5.6 9.1 95 0.965
8 27 4.9 11.0 95 0.702
9 32 5.8 10.1 95 0.903
10 18 3.3 7.8 60 1.06
11 15 2.7 8.0 60 0.850




6. Determination of G ^ CHqOq)
The determination of hydrogen peroxide was done by 
40
the method of Eisenburg. This method depends on the forma­
tion of pertitanic acid which has a yellow color and can be 
analyzed colorimetrically:
Ti4+ + H 202 + 2H20 -» H2Ti04 + 4H+ (28)
The titanium sulfate reagent was prepared by adding 
1 g of Fisher A.C.S. grade titanium dioxide (T-315) to 100 
ml. of concentrated sulfuric acid (Fisher A.C.S. grade, 
A-300-c). This mixture was brought to 150°C and allowed to
digest for 16 h r s . The mixture was then cooled to room
temperature, diluted with 400 ml. of distilled water, and 
filtered.
To prepare a calibration curve, 20 ml. of samples of 
various known concentrations of hydrogen peroxide were pipet­
ted into a 25 ml. volumetric flask. To each of the samples 
was added 2.5 ml. of the titanium sulfate reagent, and the 
mixture was diluted to the mark. The optical densities at 
405 mjj on the D.U. were measured and plotted vs. the concen­
tration of the original sample (Fig. 14).
a . In deaerated solution 
-4
A 2.85 x 10 M  cinnoline solution was prepared and 
degassed by purging with nitrogen for two hours. The solution 
was then transferred to the 100 ml. radiation vessels and 
irradiated for various times. After irradiation, the color of 
20 ml. samples of the irradiated solutions was developed as 
described above, and the optical densities were measured on 
the D.U. using the undeveloped solution as a blank. The data 
obtained are given in Table 14. These data were then plotted 
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-4Colorimetric Analysis of Irradiated, Deaerated, 2.85 x 10 M, 
Cinnoline Solutions for Hydrogen Peroxide
Ca Irradiation o.D. . measured Average O.D._n
Sample  time DU______________   __DU
1 30 min 0.038 0.038
0.038
2 45 0.046 0.046
0.044
0.047
3 60 0.052 0.052
0.052




be obtained directly from the slope. Interest lies in the 
initial yields, G^, however, so a tangent to the curve at 
the origin may be drawn, and from this:
G i (H202) = 3.40*
b . In aerated solution
-4A solution of 2 .85 x 10 M  cinnoline was prepared 
and saturated with oxygen by purging the solution with oxygen 
for two hours. This solution was then transferred to 100 ml. 
irradiation vessels and irradiated for various times.
The color of irradiated samples was then developed













Analysis of irradiated deaerated 
2.85 x 10“^ cinnoline solutions 
for hydrogen peroxide. O.D. vs. 











and analyzed as described above. The results of analysis 
are shown in Table 15.
Table 15
-4
Colorimetric Analysis of Irradiated, Aerated, 2.85 x 10 M 
Cinnoline Solutions for Hydrogen Peroxide
Irradiation O.D. Measured Average O.D. 
Sample  time DU__________   DU
1 30 min 0.035 0.034
0.033
0.033
2 45 0.042 0.043
0.043
3 60 0.048 0.048
0.050
0.047
4 75 0.058 0.057
0.057
5 90 0.063 0.062
0.062
These data were then plotted in Fig. 16.
Again this plot is not linear, so a tangent at the 
origin was taken. This yields:
G i (H202) = 4.75
7. Determination of Organic Radiation Products
a. Thin-layer chromatography
A sample of deaerated cinnoline solution that had 













Analysis of irradiated,aerated, 
2.85 x 10-4 M cinnoline solutions“
for hydrogen peroxide. O.D. vs. 










evaporated from 100 ml. down to 5 ml. at room temperature 
on a rotary evaporator. This sample was then spotted on a 
thin-layer chromatography (T.L.C.) plate prepared with Merck 
No. 7736 Silica gel H and dried for 2 hr s . in a 96°C oven. 
The plate was then eluted with a 10%-90% by volume mixture 
of methanol-chloroform, and developed in an iodine chamber. 
The following results were obtained (Table 16).
Table 16








A second plate was then spotted with a known sample
of cinnoline and was eluted and developed in the manner de­
scribed above. A single spot was observed with an of 0.94. 
Thus this shows that spot 1 of the radiolysis products is 
residual cinnoline. This then indicates that there are two 
major radiolysis products present in the mixture. The T.L.C. 
of cinnoline also is an indication of purity, since only one 
spot was found.
In order to be sure of the variance of the R^ values
of these spots, since they were to be used for identification
52
purposes, a series of T.L.C. plates was run on both cinno­
line and the irradiated solution. The results of five such 
plates are given in Table 17.
Table 17
Average Values for Spots Obtained from Thin-Layer 
Chromatography of Irradiated Cinnoline Solutions
Spot f range Average f
cinnoline 0.89 - 0.94 0.91
1 0.38 - 0.41 0.40
2 0.15 - 0.17 0.16
A preparative T.L.C. plate was then prepared, spotted 
and eluted. Instead of developing, however, bands were 
scraped off at those positions where spots should be, as cal­
culated from the known R^ values. The scrapings were then 
extracted with distilled water in a Soxhlet continuous ex­
tractor for 13 hours. The extracts were then evaporated down 
to 4 ml. and their U.V. spectra were taken. No results were 
obtained. It appears that there was not enough sample present 
to give good spectra.
Since indole is said to be a frequent reduction pro- 
41duct of cinnolines , an attempt to detect indole in the radx- 
ation mixture was made. A sample of pure indole (Fisher 1-17) 
was obtained, and was spotted on a series of T.L.C. plates.
It was found that indole consistently had a greater R^ than 
did cinnoline. Since no spots appeared in the T.L.C. of the 
radiation products with R^'s greater than that of cinnoline,
53
it was concluded that indole was not present in the radioly­
sis mixture.
The U.V. spectrum of indole showed a maximum at 268 
mji which is not observed in the radiolysis mixture. Thus, 
it is confirmed that indole is not present in the radiolysis 
mixture. Further confirmation was also obtained from paper 
chromatography. Samples of indole, cinnoline and the radi­
olysis mixture were all chromatographed on Whatman No. 3 
paper. It was thought that a better separation could be ob­
tained by developing for a longer time. Thus the solvent 
front was allowed to move 35-37 cm. , but still no trace of 
indole was found.
b . Cyclohexylethyl dimer
In order to obtain enough product to identify, 12 1. 
-4of 2.85 x 10 M  cinnoline solution were prepared. This 
solution was then throughly deaerated and transferred to 
100 ml. radiation vessels under oxygen-free conditions. The 
sample was then irradiated, in 100 ml. aliquots, for 1.0 hr., 
which gave about 20% decomposition of cinnoline. This per­
cent decomposition was chosen to minimize secondary reactions, 
and yet to give enough sample to analyze.
After irradiation, the total sample was introduced 
into a 12 1 . continuous extractor, and the sample was extrac­
ted with n-hexane for two weeks. The U.V. spectrum of the 
extraction solvent showed peaks characteristic of cinnoline 
plus some other peaks.
The extraction solvent was then evaporated down to 
30 ml. on a rotary evaporator at 10°C, where a curdy, yellow 
precipitate formed. The precipitate melted at room tempera­
ture, and had to be reobtained by redissolving and again 
evaporating the solvent. The nuclear magnetic resonance
(N.M.R.) spectrum of the extract was then taken (Fig. 17). 
The results of this spectrum are given in Table 18.
Table 18
Tabulation of N.M.R. Spectral Data from the 















The N.M.R. spectrum of a known cinnoline sample was then 
taken for reference purposes. The following results and 
assignment were made (Table 19; Fig. 18).
\Sweep Time = 250 sec. 
Sweep Widtn = -5G0 cps. 
Sweep Offset = 453 cps.





3.06.08.0 7.0 4.05.0 2.0 1.0 0.0 ppm
N.M.R. spectrum of crude product isolated from 






Tabulation and Assignments 
of N.M.R. Spectral Data of Cinnoline
Peak / t e a Structure Assignment
1 7.8 multiplet c
2 8.5 multiplet a
3 9.3 doublet b
From this information, since peaks at 7.7, 8.5 and 
9.3 ppm in the unknown sample correspond to the known peaks 
of cinnoline, it was concluded that the radiolysis mixture 
consists mainly of cinnoline plus product, which shows reso­
nance at 0.9 and 1.2 ppm. This indicates that the product 
is probably aliphatic.
The original extract was then evaporated to dryness 
on a rotary evaporator. The dark brown oil obtained was then 
redissolved in absolute ethanol at its boiling point. On 
cooling, a dark yellow oil precipitated out. This oil was 
then dissolved in ether, which formed a straw-yellow solution 
and left a dark brown residue. The straw-yellow solution was 
decanted off and the solvent was removed, which left a light 
yellow oil.
The N.M.R. spectrum of this oil (Fig. 19) showed two 
multiplets at 1.2 and 0.9 ppm. No peaks were found further 
down field, indicating that no aromatic hydrogens were present 
in this sample. The N.M.R. spectrum of the dark residue (Fig. 
20) was taken. This spectrum showed peaks of cinnoline as 
well as those of the product and two previously unseen peaks
Sweep Time = 250 sec. 
Sweep Width = -500 cps. 
Sweep Offset = 453 cps.
f—If 1 * * * 1- “I* fl-*.—- “'VV'l *" '* “ ■'!*■ *•
11.0 10.0 8.09.0 6.07.0 3 .0 ppm.5.0 4.0
N.M.R. Spectrum of Cinnoline
Fig. 18
Ln
Sweep. Time = 250 sec.
cps. 
cps.
Sweep Width = 500 
Sweep Offset = 0
TMS
8.0 6.07.0 4.05.0 3.0 2.0 1.0 0.0 ppm.





Sweep Time = 250 sec. 
Sweep Width = 500 cps. 
Sweep Offset = 0 cps.
8.0 6.07.0 5.0 2.04.0 3.0 1.0 0.0 ppm.





at 7.2 and 7.0 ppm.
A C-H-N analysis run on the oil showed 86.0% C, 12.9%
H, and 0.0% N. This showed the compound to be a hydrocarbon 
of the empirical formula C 2' ^ molecular weight deter­
mination showed that the molecular weight of the oil was 256 + 
10%. Thus the compound was assigned the molecular formula 
^16^30 (t^eoret^ca -^: 86.3% C, 13.5% H) . Testing with bromine 
showed no decolorization, thus indicating no unsaturation.
From these data, and considering cinnoline as the starting 
material, the substance was tentatively identified as 1,4- 
dicyclohexylbutane, a dimer of the completely reduced cinnoline 
structure.
The refractive index of the oil was taken and it was 
20
found that rm = 1.4748. This compares to the literature value
O C\ / 0
of n^ = 1.4758 for 1 ,4-dicyclohexylbutane.
Ultraviolet spectra showed no absorption for this com­
pound, as is to be expected for a saturated hydrocarbon. The
infrared spectrum (Fig. 21) matched well with the literature
43 a
spectrum for the proposed compound. The bands attributed
to the cyclohexyl ring at 1005-952, 1055-1000, 1260 and 890
-1 43b k acm were observed.
In order to prove the structure of the oil as 1,4- 
dicyclohexylbutane, it was necessary to synthesize this com­
pound by an independent method. It was decided to do this by
44 45
catalytic hydrogenation of 1 ,4-diphenylbutadiene. ’ This
was done on a Parr low pressure hydrogenation apparatus, 
series 3710. One hundred grams of 1 ,4-diphenylbutadiene were 
dissolved in 150 ml. of ethyl acetate, 1 g. of Matheson No.
6457 5% Palladium on carbon catalyst was added. The solution 
was put into the hydrogenation apparatus and left to react 
for 19 h r s . The following reaction was assumed to go to
80020002500 1000150030004000 3500 cm
Frequency





0-Ch ^ c h—C H ^ c h_0 0 -CH2CH2CH2CH2-^ (30)
All the ethyl acetate was then removed from the reaction mix­
ture on a rotary evaporator, which left a yellow oil as resi­
due. The yellow oil was then dissolved in 100 ml. of abso­
lute alcohol. To this mixture was added 1 g. of 5% rhodium
46 47
on carbon catalyst which is known to reduce phenyl rings. ’ 
This mixture was then put onto the hydrogenation apparatus and 




When the solvent had been removed, a very light yellow oil 
remained, the infrared spectrum of which showed no aromatic 
hydrogens present. This spectrum was the same as that of the 
radiolysis product.




1.4752, which agrees well with the literature and with that 
found for the radiolysis product. When the N.M.R. spectrum 
of this compound was taken (Fig. 22), however, it was found 
that the spectrum was not identical to that of the radiolysis 
product. Thus it is concluded that the product is not 1,4- 
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Fig. 22
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c . N-Aminoindoline and N-Aminoindole
It was suggested that N-aminoindoline is often a
48
reduction product of cinnoline , and thus might be present 
in the radiolysis solution. Accordingly, 1200 ml. of
_3
5.0 x 10 M cinnoline solution was prepared, deaerated and 
transferred to 100 ml. irradiation vessels. This solution 
was then irradiated for 10 h r s . The solution was then con­
tinuously extracted with chloroform. A chromatography column 
was then prepared using Fisher neutral alumina (A-950), and 
the chloroform fraction, evaporated down, to 1 m l . , was intro­
duced onto the column. Elution with benzene and then chloro­
form produced five bands. Two of these had U.V. spectra which 
corresponded to cinnoline and to the cyclohexylethyl dimer.
A band which appeared between these two had a U.V. spectrum
49
very similar to the indolines. When this solution was
evaporated to dryness, a yellow oil was found which had a re-
20
fractive index n = 1.5935. This is in good agreement with
48 20
the literature value of n^ = 1.5972 reported for N-amino- 
indoline. When the N.M.R. spectrum of the oil was taken, how­
ever, it definitely showed the substance to be a mixture of 
cinnoline and the cyclohexylethyl dimer. Thus it appears that 
N-aminoindoline is not present in the solution.
Another very small band that came down was observed
to have a U.V. spectrum (Fig. 23) which is very similar in
35
structure to the spectrum of 1 ,4-dihydrocinnoline (Fig. 7). 
However, the reference spectrum was a pencil tracing and com­
parison was difficult. There is a difference in Amax of 10 m p , 
but this is easily explained as a solvent shift. There was 
very little of this compound present, so it could not be iso­
lated and identified, but it was noticed that a tiny amount of 
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characteristic of 1 ,4-dihydrocinnoline.
The last band observed was very small and a dark 
yellow in color. The U.V. spectrum (Fig 24) of this showed 
an indole type structure. It is postulated, then, that a 
very small amount of N-aminoindole may be in the system.
Only a trace amount of this was present, but since indoles 
are k n o w n ^ ’”*^  to appear in certain reductions of cinnoline, 
its presence is not unreasonable.
d. Cinnoline-N-oxide
Since cinnoline and hydrogen peroxide are both 
present in this system, the following reaction might be ex­
pected to occur:
+ 2H202 Hr 2H20 ^33^
Both the oxides, however, have characteristic U.V. absorption 
in the 360-367 mjJ region."^ No such absorption has been ob­
served in any of the work done so far. Thus it must be con­
cluded that no cinnoline-N-oxide is being formed in this 
system.
In order to be sure that the reaction does not occur, 
and that the product has not been missed or destroyed during 
the workup, a solution was prepared simulating radiolysis con­
ditions .
-4
Considering a 2.85 x 10 M cinnoline solution after 
1 hr. of irradiation, and from known G-values, one would ex­
pect 2.05 x 10 ^ moles of hydrogen peroxide per 100 ml. in the 
final solution. Thus a solution of the proper concentrations 
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was then allowed to react for 20 h r s . and the U.V. spectrum 
of the resultant mixture was taken. Only the characteristic 
peaks of cinnoline were observed.
Since the literature spectra of the cinnoline-N- 
oxides were taken in absolute alcohol, and these spectra 
were taken in water, it was decided to synthesize the mixed 
oxides and take U.V. spectra in water to be sure solvent 
shifts had not moved the characteristic peak at 360 mja off 
the paper.
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To do this, the method of Ochiai for preparing 
amine oxides was used. Twenty-five ml. of Dupont A.R. grade 
glacial acetic acid was put into a 100 ml. round-bottom flask. 
To this 1.0 g. of cinnoline and two ml. of 30% hydrogen per­
oxide were added. The mixture was put under a reflux conden­
ser and was heated to 90°C. After three hours, the mixture 
had turned yellow, and another two ml. of 30% hydrogen per­
oxide were added. After an additional 9 hrs. at 90°C, the 
mixture was allowed to return to room temperature. When the 
mixture had cooled, it was concentrated as far as possible, 
and 10 ml. of water were added. The mixture was then con­
centrated as far as possible on a rotary evaporator, made 
strongly basic with sodium carbonate, and 50 ml. of chloro­
form were added. After shaking and standing for 1 1 / 2  hrs., 
the sodium carbonate was filtered off, and the chloroform 
layer was evaporated to dryness, leaving a yellow-brown solid, 
(yield = 0.716 g; theo. yield = 1.123 g.; % yield = 63.7%)
The solid obtained was then dissolved in water and the U.V. 
spectrum was taken (Fig. 25).
This spectrum showed no resemblance to any other spec- 
-tra so far obtained, so it is confirmed that cinnoline and 












Ultraviolet spectra of a mixture of 
cinnoline-N-oxides in water. Solution A 
is 1/8 of the concentration of Solution B.




8 . Determination of the Nitrogen Product
a . Molecular Nitrogen
Since one of the principal products of the radioly­
sis of cinnoline has been shown to be a hydrocarbon, two 
atoms of nitrogen must necessarily appear somewhere else for
every molecule of cinnoline destroyed. It is known that azo
53
compounds often decompose to give molecular nitrogen , and
thus it was decided to look for molecular nitrogen in the
radiolysis mixture. All analyses were done on the Vapor
Fractometer using molecular sieve 5 -A columns and argon as
carrier gas. Analyses were done at column pressure of 10 
2
lb/in , temperature of 22°C, and with detectors set at 6.6 V. 
It was determined that a separation of hydrogen and nitrogen 
would not take place at this temperature, so the temperature 
was raised until separation was observed. This occurred at 
245°C , and retention times were found to be 94 sec. for 
hydrogen and 101 sec. for nitrogen.
-4
Samples were then prepared of 2.85 x 10 M cinnoline. 
These samples were deaerated by purging the solution with 
argon. The samples were transferred to 5 ml. irradiation 
vessels under an argon atmosphere, irradiated and transferred 
to the gas sampler on the Toeppler pump as described under 
hydrogen analysis (Sect. 5). The samples were then put into 
the vapor fractometer. No peak characteristic of nitrogen 
was observed. Thus it must be concluded that no molecular 
nitrogen is formed in this process.
b . Hydrazine
It was suspected that some of the nitrogen might be 
present as hydrazine. To analyze for this substance, the 
method of Feigl was used."^
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A 1% solution of trisodium pentacyanoaminoferrate 
(T.P.F.) (Fisher S-659) was prepared. Two ml. of T.P.F. solu­
tion were then added to a solution of hydrazine sulfate 
(Fisher H-320) and a blue color slowly developed. Thus the 
method will work for hydrazine. The near infrared (N.I.R.) 
spectrum of this solution was then taken (Fig. 26) and Amax 
was found to be at 750 mja. No activity was found in the 
visible region.
Then two ml. of T.P.F. were added to a stock solu- 
-4
tion of 2.85 x 10 M cinnoline and an intense cherry-red 
color developed. There was no N.I.R. absorption, but the 
visible spectrum (Fig. 27) showed an absorption maximum at 
512 mji.
The two peaks do not overlap, and thus it should be 
possible to analyze for hydrazine in the presence of cinno­
line. To confirm this, two ml. of T.P.F. were added to a 
-4
2.85 x 10 M solution of cinnoline containing a trace of
hydrazine. An intense red-purple color developed. The N.I.R. 
(Fig. 28) and visible (Fig. 29) spectra of this solution 
showed absorption at both 512 and 750 mju. Thus one can de­
finitely determine hydrazine in the presence of cinnoline by 
this method.
To see if any hydrazine is produced in radiolysis, a
-4
100 ml. aliquot of deaerated 2.85 x 10 M cinnoline was 
irradiated for one hour. To 25 ml. of this solution, two ml. 
of T.P.F. solution were added. The solution immediately 
turned a dark red color. The visible spectrum of this solu­
tion (Fig. 30) showed an absorption at 512 mp , but no ab­
sorption was found at 750 mji. Thus no hydrazine is produced 
in this radiolysis.
Since no other visible or N.I.R. peaks were observed, 
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2.85 x 10 M  deaerated cinnoline 
solution developed with T.P.F.
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as RNH-NHR', are present in the reaction mixture. Thus reac­




The reaction mixture was then analyzed for ammonia,
using a spectrophotometric adaptation of the Nessler Method 
56 57
for ammonia. 5 Nessler's Reagent reacts with ammonia in 
the following manner to produce a yellow color:
Hgl42- + NH3 NH3HgI3 1" + I1' (36)
2 NH3HgI31_ + OH1- [ (IHg)2=NH2] I + 3l" + NH3 + H 20 (37)
yellow
563
This method is said to be sensitive to 0.1 mg of ammonia
6
per liter, or to 5.7 x 10 M ammonia.
Since this method is very sensitive to ammonia, and 
since ammonia is a common contaminant, all analyses were done 
in new glassware which was reserved just for ammonia analyses. 
Also all analyses were done in a well aired out laboratory 
where all possible sources of ammonia had been removed.
To test for cinnoline interference, 5 drops of Nessler's
78
-4
reagent were added to 25 ml. of 2.85 x 10 M cinnoline.
No color developed, indicating that cinnoline will not in­
terfere with this analysis.
In order to determine what wavelength to use for 
analysis, 10 mg. of recrystallized ammonium chloride were 
added to 250 ml. of distilled water. No absorption maximum 
was observed when the visible spectrum was taken of this 
yellow solution, but rather a gradual rise in absorbance 
from 750 to 350 mp. Thus 385 m p  was chosen as the wave­
length for analysis, since cinnoline does not absorb at this 
wavelength and neither does the irradiated solution.
To determine the time necessary for complete color
development, 5 d. of Nessler's reagent were added to 10 ml.
-4
of a deaerated solution of 2.85 x 10 M cinnoline that had 
been irradiated for one hour. This developed solution was 
then put into the Spectronic 20 and optical density was 
measured vs. time after developing (Table 20).
Table 20
Change in Optical Density with Time of a Solution Containing 
Ammonium Ion Developed with Nessler's Reagent










Thus a solution is fully developed in 15 min. and the color 
is stable for at least 30 min. All measurements were there­
fore made in this time interval.
A calibration curve of O . D ^ q  v s . concentration was 
then prepared. A series of solutions of known ammonia con­
centration was prepared. From each of these a 10 ml. aliquot 
was removed and two ml. of Nessler's reagent was added to it. 
The solution was then diluted to 50 ml., allowed to stand for 
20 min., and the optical density was measured on a Spectronic 
20 using the undeveloped solution as a blank. The optical 
density of the solution was then plotted against the concen­
tration of the sample solution (Fig. 31). A linear plot was
obtained, indicating that this solution follows Beer's law.
-4
A deaerated, 2.85 x 10 M cinnoline solution was 
prepared and transferred to 100 ml. radiation vessels as de­
scribed above. These samples were then irradiated and a 
10 ml. aliquot was developed in the same manner as were the 
known ammonia samples. The optical densities were then 
measured using a solution of 50 ml. of distilled water and 
two ml. of Nessler's reagent as a blank. Since the unde­
veloped, irradiated solution was also of a yellow color, the 
optical density of the undeveloped solutions were also measured 
vs. distilled water. These values were then subtracted from 
the total optical density. The results obtained are given in 
Table 21. The data in this table are plotted in Fig. 32.
From the slope of this curve, it is determined:
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Colorimetric Determination of Ammonia in
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It is also necessary to know how much ammonia is
lost by:
NH0 . _| \ NH„ , . above the solution (38)
3 (soln) — <  3(g)
Using Henry's Law and assuming a volume of about one ml.
-9
above the solution, a crude calculation gives 9.8 x 10 
moles of ammonia would have escaped. This is insignificant 
and can be ignored.
9. The Effect of Hydrogen Peroxide on the System
It was decided to determine the effect of hydrogen
peroxide on G(-cinnoline). Thus a solution was prepared
_ A — 4
which was 2.85 x 10 M  in cinnoline and 12.1 x 10 M in
hydrogen peroxide. This solution was then deaerated by 
purging with nitrogen gas and irradiated for various lengths 
of time. After irradiation, the solutions were analyzed for 
cinnoline in the manner previously described. An unirradi­
ated sample was also analyzed to be sure no reaction not due
to irradiation had occurred, and also to be sure that peroxide
does not interfere with the cinnoline polarographic wave. No 
interference was expected since for cinnoline = “0*57 V.
vs. S.C.E., while for hydrogen peroxide E-/9 = -0.94 V. vs.
58
S.C.E. at pH = 5.0. The results of these measurements are 
given in Table 22.
84
Table 22
Polarographic Analysis of Deaerated, Irradiated Solutions
-4
2.85 x 10 M in Cinnoline and 
-4
12.1 x 10 M  in Hydrogen Peroxide
Irradi­ Concentration A Concen­
ation Peak h t . of solutions tration
ilution time ( Jia) (M) (M)
1 0 min 1.51 2.85 x 10“4 0
2 40 1.10 2.84 x 10"4 0.01 x 10"4
3 60 1.08 2.70 x 10"4 0.15 x 10-4
4 95 0.98 2.40 x 10"4 0.45 x 10"4
5 120 0.84 2.10 x 10"4 0.75 x 10“4
These data are plotted in Fig. 33. From the unirradi­
ated solution, one can tell that no reaction has taken place 
prior to irradiation. Also, since this solution gives a peak 
height consistent with the known concentration of cinnoline, 
hydrogen peroxide cannot be interfering with the polarographic 
analysis. From the slope of Fig. 33 one obtains:
G(-cinnoline) = 0.86
This value is 5.57, less than the value of 0.91 obtained for 
the deaerated solution. Experimental error in this work is 
about 57o, however, so there is serious question as to whether 
the observed difference is real.
-4
A sample of deaerated, 2.85 x 10 M cinnoline solu­
tion was then prepared and irradiated for 90 min. After 































Change in concentration of cinnoline 
vs. irradiation time for deaerated 
solution, 2.85 x 10“^ M  in cinnoline 










3% H 2O 2 were added to the solution. The solution was then 
allowed to stand for 20 hrs., and both solutions were analyzed 
polarographically in the manner described above. The results 
of this analysis are given in Table 23.
Table 23
Polarographic Analysis of Irradiated, Deaerated 
-4
2.85 x 10 M Cinnoline Solution 
with Hydrogen Peroxide Added After Irradiation
Solution
Composition












solution 1 plus 
2 d .  3% H 202
0.68
1.70 x 10'4 M
+0.30 x 10“4 M
This shows an increase in cinnoline concentration 
when hydrogen peroxide is added to an irradiated cinnoline 
solution. Such an increase indicates that there is some 
partially reduced cinnoline formed which is then oxidized 
back to cinnoline on the addition of hydrogen peroxide:
product (39)
product + H 2O 2 (40)
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If one assumed that this partially reduced cinnoline 
is one species, which is then quantitatively converted back 
to cinnoline on the addition of hydrogen peroxide, then one
can calculate a G-value for this species from the information
— L\.
that 0.30 x 10 M are formed during a 90 min. irradiation. 
This calculation yields:
G(X) = 0.28
10. Chemical Reductions of Cinnoline 
a . Sodium borohydride reduction
It was decided to run a known chemical reduction 
of cinnoline to use as a reference with which to compare 
spectra which were thought to be of 1 ,4-dihydrocinnoline. 




Two grams of sodium borohydride (Metal Hydrides, Inc.,
_3
No. 531) were added to 200 ml. of 1 x 10 M cinnoline. After 
allowing the reaction to proceed for 24 hrs., a light yellow 
solution was obtained. The U.V. spectrum of this solution 
(Fig. 34) shows a broad peak at 280 mp. This shows a solvent 
shift of 12 mp. from the spectrum in absolute ethanol (Fig. 
24), but the structures of the two spectra are identical.
This spectrum is superimposable on that obtained for 
the product of cinnoline reduced at the dropping mercury elec­














Ultraviolet spectrum of 1,4-dihydrocinnoline 








product is indeed 1 ,4-dihydrocinnoline.
11. Thin Layer Chromatography of Known Compounds
A T.L.C. plate was prepared as described above, 
and a sample of 1,4-dihydrocinnoline from the electrolytic 
reduction of cinnoline (Sect. 3, p. 21) was spotted on it.
A second spot of the previously isolated cyclohexylethyl 
dimer (CHED) was also made. This plate was then dried, 
eluted with a 10%/90%, by volume mixture of methanol/chloro­
form, and developed in an iodine vapor chamber. The results 
of this are given in Table 24.
Table 24





These data agree fairly well with the values for the spots 
observed for the radiolysis mixture (see Table 17).
12. Organic Product Distribution
a . Deaerated system
-3
A sample of deaerated, 5.0 x 10 M  cinnoline solu­
tion was prepared and transferred to 100 ml. irradiation 
vessels under oxygen free conditions. Each aliquot was then 
irradiated for 12 hrs. , which gave about 16%, decomposition.
90
When 700 ml. of the irradiated solution had been collected, 
it was introduced into a continuous extractor and extracted 
for 6 days with ether.
The U.V. spectrum was then taken of the remaining 
water solution. No trace of a peak at 320 mji was observed, 
indicating that extraction of cinnoline was complete.
The ethereal layer was then evaporated to dryness on 
a rotary evaporator. This left a dark yellow-brown oil, 
which was subsequently dissolved in deuterochloroform. A 
sample of this solution was then run on the N.M.R. (Fig. 35). 
Peaks were found at 9.5, 8.6 and 7.9 ppm, which correspond to 
cinnoline, and at 1.4 and 1.0 ppm, which correspond to the 
cyclohexylethyl dimer. When this spectrum was integrated, the 
following results were obtained (Table 25).
Table 25
N.M.R. Spectral Data for the Product Mixture from 
Radiolysis of Deaerated Cinnoline Solutions








Now, since the molecular formulas are known and the cinnoline 
peaks have been assigned, it can be shown that in this
Sweep Time = 250 sec. 
Sweep Width = 1000 cps. 
Sweep Offset = 432 cps.
TMS
16.0 14.0 12.0 8.0 6 .010.0 4.0 2.0 0 . 0 p pm
N.M.R. spectrum of extracted products from radiolysis
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[cinnoline]. = 18>3 (42)
[C16H30J
It is possible to calculate the amount of cinnoline present 
in the solution after 12 hrs. of irradiation, and thus from 
equation (42), one can calculate the amount of the cyclo­
hexylethyl dimer (CHED) present. Thus a G-value can be cal­
culated and it is found to be:
G(CHED) = 0.32
b . Aerated system
_3
A solution of 4.89 x 10 M cinnoline was prepared 
and oxygenated as described above. This "solution was then 
transferred to 100 ml. irradiation vessels and irradiated 
for 8.0 hrs., corresponding to 16% decomposition. When 
500 ml. of the irradiated sample had been collected, the 
solution was transferred to a continuous extractor and ex­
tracted for 5 days with ether. The ethereal solution was 
then evaporated to dryness, which left a dark yellow-brown 
oil which was dissolved in deuterochloroform. The N.M.R. 
spectrum (Fig. 36) of this solution was then taken. The 
results of this are given in Table 26.
Sweep Time = 250 sec. 
Sweep Width = 500 cps. 
Sweep Offset = 490 cps.
N.M.R. spectrum of extracted products from radiolysis
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N.M.R. Spectral Data for the Product Mixture from 
Radiolysis of Aerated Cinnoline Solutions








The peaks for CHED were difficult to measure accurately, so 
minimum and maximum values were taken. Carrying through the 
same calculation as was made for the deaerated system, one 
obtained:
using 1.0 G(CHED) = 0.21 (43)
using 1.1 G(CHED) = 0.26 (44)
Taking the average value:
G(CHED) = 0 . 2 3 + 0 . 0 2
13. Errors
The error in determining G-values in this work is 
considered to be + 10% for most cases. This takes into
95
account uncertainties in measurements, analyses and prepara­
tions. The error in G -^ (H 2°2^ is §reater than this, however, 
and consideration of this error is included in the Discussion.
96
DISCUSSION
1. Summary of Results
The results obtained in this work are summarized 
in Table 27.
Table 27 




G(-cinnoline) 0.41 Br added,deaerated
G(-cinnoline) 0.86 12 x 10~4 M  H 20 2 ,
deaerated
g (h 2) 0.45 deaerated
g (h 2) 0.74 aerated
G(NH3) 1.12 deaerated
G i (H202) 3.4 deaerated




It is thus necessary to explain these values in terms 
of the primary radical yields, given in Table 28, and to 
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2. Material Balance (Carbon and Nitrogen)
The presence of the cyclohexylethyl dimer (CHED) as
a product of the radiolysis has been established. A product
formed by complete reduction of a benzene ring, as well as
of the heterocyclic ring of cinnoline, is not encountered
62 63*
frequently, but such complete reductions are known. J 
Usually, a system containing a benzene nucleus gives substi­
tuted phenols when subjected to radiolysis in aqueous solu­
tion, but no oxygenated products have been found in this 
system. Thus it appears that the aqueous cinnoline system 
is somewhat unique in that it does give a large ( 60%)yield
of the completely saturated product.
suspected to be 1,4-dihydrocinnoline. This compound, which
is formed in small yield, is unstable and decomposes on attempts 
37
at isolation , as was observed for compound "x". A compari­
son of the properties of the two compounds is given in Table









Comparison of Properties of 
Unknown Compound "x" and 1 ,4-dihydrocinnoline
Compound "x" 1 ,4-dihydrocinnoline
0.28 ---
R 0.41 0.47 (Table 24)
(Table 17)
U.V. spectrum Fig. 24 Fig. 34
The U.V. spectrum of compound "x" is very close to
i i 64the spectrum for the A-^g trans^6ion in benzene.
Considering all the above evidence, it does not seem un­
reasonable to conclude that compound "x" is 1 ,4-dihydrocin­
noline (DHC).
Now, if one assumes that DHC is formed, then the 
following material balance for carbon can be written:
G(-cinnoline) = 2 G(CHED) + G(DHC) (45)
This equation yields G(-cinnoline) = 0.92 which agrees very 
well with the experimental value of 0.91. Such good agreement 
also indicates that there are no other products formed during 
the irradiation, or if such products are formed, they are 
formed in very small quantities, the sum of which is less than 
the experimental error of the determinations.
If DHC is accepted as a radiolysis product, then the 
nitrogen balance for the radiolysis can be written:
100
G(-cinnoline) = 1/2 G(NH3) + G(DHC) (46)
This equation yields G(-cinnoline) = 0.84. This does not 
agree quite as well with the experimental value of 0.91, but 
is still within the experimental error of 10%. Since the 
carbon balance is good, this implies that G(DHC) is a good 
value, and thus G(NH3 ) is probably a bit low.
If CHED and DHC are the only two organic products 
formed in the radiolysis, then ammonia must be formed from, 
and only from, cinnoline that ends up as CHED, since DHC 
retains both of its nitrogen atoms. Since this is the case, 
the following equation for nitrogen balance must also be 
satisfied:
G(NH3 ) = 4 G(CHED) (47)
This gives a value of G(NH3) = 1.28, which is high, but yet 
is within experimental error. This is another indication 
that G(NH3 ) = 1.12 is a low value.
3. Increase of G(-cinnoline) in Aerated Solution
It is observed that G(-cinnoline) increases from 
0.91 in deaerated solution to 1.61 in aerated solution.
Thus oxygen must be acting as a promoter in some manner.
This is contrary to the expected result, since the organic 
products of the radiolysis are both reduction reactions , and 
oxygen is known to convert the reducing species to an oxi­
dizing species via the reaction:
H- + 02 -> H02 - (48)65
101
Such an acceleration of the destruction of cinnoline in a
less effective reducing medium must, then, imply a change
69
in the mechanism of the reaction in aerated systems. This 
change is corroborated by the fact that the yield of the re­
duced product, CHED, decreases in the oxygenated system.
There are two possible explanations which could ac­
count for the acceleration effect of oxygen on the system,
a) Formation of an organic peroxy radical.
Many organic radicals undergo acceleration of de­
composition in radiolysis of their oxygenated systems. This 
acceleration can be due to the formation and disproportion- 






x* -S- some initiating radical
C cinnoline
C • a radical formed from
cinnoline
R- and R' ■ ■=■ two unknown radicals 
formed by reaction of a 
peroxycinnoline radical with 
cinnoline
Since the organic peroxy radical C02 • does not form 
in the deaerated solutions, reaction 51 cannot occur in de­
aerated solution. Thus, by this reaction, two cinnoline 
molecules can be destroyed, where only one was destroyed in 
the deaerated solution. This should manifest itself as an
c + x • c- + X
c* + °2 -> C02 -
C02 - + C -» R* + R' • (+o2 ?)
CM
oEC + ho2 • H2°2 + CM
O
102
increase in G(-cinnoline) in aerated solution, which is ob­
served.
Such a mechanism as this would predict different 
products for the irradiation of aerated and deaerated aqueous 
cinnoline solutions. This prediction is observed in the 
lowering of G(CHED) in going from deaerated to aerated sys­
tems. This mechanism would also predict an increase in the 
hydrogen peroxide yield on the order of 1/2 G^ in going from 
deaerated to aerated systems, since all of hydrogen radicals 
eventually end up as hydrogen peroxide in the aerated system 
(equations 48 and 52). Thus:
1/2 Gh ^  G i (H202}02 “  G i^H 2° 2) (53)
Such a calculation yields 1/2 Gu = 1.35 compared to a true
rt
value of 1.8 (Table 28). The agreement is not expected to 
be exact, however, since there are basic changes in the mecha­
nism of cinnoline destruction, and this might introduce or 
exclude various steps which use up or produce hydroxyl radi­
cals or molecules of peroxide. For example, a reaction se­
quence like
C02 * + C -> 2 CO* (54)66
f\f\
CO- + H 20 COH + OH- (55)
OH* + OH* -> H 20 2 (56)
might reasonably be expected, and would tend to increase
Gi(H2°2)o2’
b) Direct action of H02 *
The hydroperoxy radical may also react directly with 
cinnoline in the following manner:
103
C + H02 ‘ -» C02H (57)
or
C + H02 ‘ -> C- + H202 (58)66
Now G(-cinnoline) is 0.91 in deaerated systems and 0.41 in 
bromide ion systems. Thus G(-cinnoline) due to H* is 0.41 





8.78 H* required/cinnoline decomposed (59)
4.40 OH* required/cinnoline decomposed (60)
Thus if H02 * reacts more like OH* than like H * , which is a 
reasonable assumption, then one would expect an increase in 
G(-cinnoline) in aerated solution since fewer H02 * would be 
required to destroy a cinnoline molecule than H * . Either 
of these reactions would also require an increase in G^(H202), 
which is observed when going from deaerated to aerated solu­
tion. Since there is a change in mechanism here, the products 
of the radiation would be expected to change, and this is 
evidenced by a decrease in G(CHED).
4. Bromide Scavenged Solution
In bromide scavenged solutions the following reactions 
are supposed to occur^:
OH* + Br" -> OH" + Br- (61)
Br* + Br- Br2 (62)
H* + Br2 -> H+ + Br" + Br* (63)
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It is felt, however, that reaction 63 does not take
place to any significant extent in this system, since the
radiolysis does not go on for a long enough time to allow a
build-up of bromine. Treatment of an irradiated bromide
71
solution with fluorescein gave the faintest of pink colors, 
which is an indication that bromine is indeed present in the 
solution.
totically approaches a value of 0.41 with increasing bromide 
ion concentration. Now as the bromide ion concentration goes 
up, it would be expected that the concentration of bromine 
would also go up. As the bromine concentration goes up, reac­
tion 63 could begin to take place, thus beginning to scavenge 
H * . This would require an increase in the rate of lowering 
of G(-cinnoline). Fig. 12 does not show this increase, but 
rather, shows a decrease in the rate of lowering of G(-cinno­
line) with increasing bromide ion concentration, thus indica­
ting that reaction 63 does not go to any significant extent.
5. Indications of Mechanism
As can be seen from Table 27 and Table 28,
G(H2) - G ^  (64)
for deaerated solutions. This indicates that in deaerated 
solutions, the mechanism involves no steps which result in 
the production of hydrogen gas. For example, reactions like
are not a part of the mechanism for the radiolysis of this 
system. Conversely, in the aerated system,
From Fig. 12 it can be seen that G(-cinnoline) asymp-




which indicates that some process resulting in the produc­
tion of hydrogen gas does take place. This is not unreason­
able, considering that the mechanism has been shown to be 
different in the aerated system. No explanation can be of­
fered, on the present evidence of what this mechanism might 
be.
Some information can also be obtained from the radi­
cal per cinnoline destroyed ratios (equations 59 and 60).
Since integral numbers of the radicals are not required for 
destruction of one cinnoline molecule, it is concluded that 
the values obtained in equations 59 and 60 are average values. 
This probably indicates that a many-step mechanism or a chain 
type mechanism is in operation.
It was shown (p. 86,99) that one of the products of 
the radiolysis of deaerated cinnoline solutions undergoes 
regeneration to cinnoline when reacted with hydrogen peroxide. 
Examination of the curves for the production of hydrogen per­
oxide in the deaerated solution (Fig. 14), and for destruction 
of cinnoline in the presence of excess hydrogen peroxide (Fig. 
33) shows them to be consistent with this observation. Con­
sider the sequence of reactions:
C --- 2— P (67)
P + H 202  >- C (68)
P z. a product, perhaps
1 ,4-dihydrocinnoline
As the irradiation process begins, hydrogen peroxide forma­
tion occurs at a faster rate than does the formation of the 
product. This can be seen from the respective G-values.
Thus, there is an initial rapid rise in the peroxide concen­
tration. As the irradiation proceeds, however, the concen­
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tration of the product begins to build up and the rate of 
reaction 68 increases, thus lowering the observable rate of 
production of peroxide. Such a high initial yield followed 
by a decrease in the rate of production of peroxide is indeed 
what is found experimentally (see Fig. 14).
In the solutions containing an excess of peroxide, 
Fig. 33, reaction 68 begins to take place immediately on be­
ginning irradiation. Thus the initial rate of destruction of 
cinnoline is quite low. As the radiolysis proceeds, however,
reaction 68 uses up much of the peroxide present, and more
72
is destroyed by radiolysis.
H 2°2 + H- -> H 20 + OH- (69)
H2°2 + OH* -* h 2o + h o 2 - (70)
h o 2 - + H e y - h2o2 + °2 (71)
As the concentration of peroxide is lowered, the rate of 
reaction 68 is decreased until it reaches the condition of 
the deaerated system, and G(-cinnoline) becomes 0.86. It is 
difficult to say whether or not this is a real difference 
between this value and 0.91 calculated from the deaerated 
solution. Since the difference is less than the 10% experi­
mental error allowed, it is likely that this difference may 
not be real.
Information can also be gained from the fact that 
two distinct products of the radiolysis are present. If DHC 
were formed as a precursor to CHED in the reaction scheme, 
it would be difficult to explain why it did not undergo 
further reaction and end up as CHED. In other words, it would 
be difficult to explain the presence of DHC at all.
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Thus, one must conclude that DHC is not formed as 
a precursor to CHED, but is formed as a separate product 
in a reaction which is competitive with the reaction which 
eventually leads to CHED. Such a competition can be viewed 
as an attack on cinnoline by two different radicals, or an 
attack by the same radical in two different positions, 
either case which would lead to the production of two dis­
tinctly different products.
6. Postulated Mechanism
The conditions during radiolysis of aqueous cinno­
line solutions are such that the above-mentioned competitive 
reactions can easily be explained. Firstly, there are two 
available species present, H* and OH*, which would be ex­
pected to attack the cinnoline molecule. It has been shown 
that H- adds easily to oxygen or nitrogen, but less easily
to carbon, and that OH- will not add to oxygen, probably not
73
to nitrogen, but easily to carbon. Thus, in a system such 
a s ,
A=C—C=C—C=B (72)
A,B heteroatoms (0 or N)
OH* attack would be on the inner carbon system and would lead
73
to complete destruction of the whole conjugated system.
In the light of this information, then, the conditions 
seem to be right for two competitive reactions: attack by H ‘
on nitrogen leading to one product, and attack by OH* on car­
bon leading to the other.
It is now necessary to predict the position of radical 
attack and show how this leads to the observed products. The 
evidence above points up that distinction between electrophilic
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and nucleophilic radicals might be drawn. Since H- attacks 
preferentially at nitrogen or oxygen where electron density 
is high, it seems reasonable to view H- as an electrophilic 
radical. Similar argument leads to the consideration of OH- 
as a nucleophilic radical. Thus, in free radical reactions 
on compounds containing heteroatoms, it would be expected 
that H- would attack at a position of high electron density 
while OH- would attack at positions of low electron density.
To check these suppositions, consider quinoline.
The relative net charges and electron densities, as deter-
-j J ^
mined by Htfckel type calculations, are given in Table 30. ’
Table 30
Relative Net Charges and 
















Other work shows that OH* attack on quinoline yields attack 
at the 8 position :
H OH
Now consider cinnoline. The TT-electron densities of this
74
molecule are given in Table 31.
Table 31
Relative Net Charges and 
IT -Electron Densities of Cinnoline
7
6









Comparison of Table 30 and Table 31 shows that the TT -elec­
tron densities of quinoline and cinnoline are very similar 
in the 3,4,5,6 ,7 and 8 positions. Thus, by analogy, one
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might expect OH* attack at the same position in the two 
molecules. This leads to the following expected attack 
of OH* on cinnoline:
Considering H * , it is known that this species will
73
preferentially attack at nitrogen , and for the reasons 
discussed above, it is not unreasonable to suspect that it 
would attack at the nitrogen atom with the highest electron 






Since equations 74 and 75 would undoubtedly lead to different 
products, this explanation is not inconsistent with the ex­
perimental results.
The problem remains as to how the observed products 
are formed from the initial intermediates as postulated in 
reactions 74 and 75. Since 1 ,4-dihydrocinnoline could easily 
be formed from the product of H* attack, it is suspected that 

















The problem of the cyclohexylethyl dimer is more com­
plicated, and no detailed mechanism for this process can be 
written. Since no oxygen is present in the product, some 
mechanism must be presented which can account for the removal 
of the -OH which is formed in reaction 74. Such a mechanism 
might be of the following sort:
OH
. . I
R-CH=CH-R + OH- -> R-CH-CH-R' (79)
OH H OH
R-CH-CH-R' + H 20 ~> R-CH-CH-R' + OH- (80)
H OH H
I I  I 77
R-CH-CH-R' + H- -» R-CH-CH-R' + H 20 (81)
H
R-CH-CH-R' + H 20 R-CH2-CH2-R' + OH- (82)
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Since the form of the reducing species is not definitely- 
known, this sequence of reactions might be represented as 




R— CH=CH— R' + OH- R-CH-CH-R' (83)
OH H OH
i I l
R-CH-CH-R' + H 20 -> R-CH-CH-R' + OH- (84)
H OH H OH"
I I  _ I I
R-CH-CH-R' + e -* R-CH-CH-R' (85)
aq
H OH" H
I I  I
R-CH-CH-R' -» R-CH-CH-R' + OH" (86)
H
R-CH-CH-R' + H 20 R-CH2-CH2-R' + OH- (87)




R—CH=CH— R ' + H- -> R-CH-CH-R' (88)
H
l
R-CH-CH-R' + H 20 -> R—CH2— CH2-R' + OH- (89)
A coupling of two radicals must also occur at some point 
during the process.
To check such a process as this, one should write a 
material balance and see if it agrees with the experimental
evidence. If it does, this is no proof that the mechanism
is correct, but rather only indicates that it is not im­
possible .
In writing the material balance, it was assumed that 
all the DHC was produced in the manner shown in equations 76 
to 78. The CHED was assumed to be formed by a series of
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reactions like those given in equations 79 through 89. All 
O H - formed were assumed to end up as hydrogen peroxide:
The material balance for hydrogen, written in terms of the 
hydrogen peroxide observed, thus becomes:
= exPeri-m ental value of 3.40 is 29%,
under this value, but this is within the experimental error 
for the determination of G^(H202) • The error in determining 
this value is great because one is forced to take a tangent 
to the curve at the origin and compute G from the slope of 
this tangent. Depending on how the curve itself is shown 
and how the tangent is taken, considerable error can be 
introduced. Fig. 37 shows the maximum and minimum tangents 
that can be made. The error measured from this curve is + 50% 
of the mean value. Thus it seems reasonable that the above 
general mechanism is responsible for the observed yields and 
products in the radolysis of aqueous cinnoline solutions.
OH- + OH- -> H20 2 (90)
+ 1/2G_„ + 1/2 [2G (DHC) + 18G(CHED) +
(jn
3G(NH3 ) - Gr ] (91)
Using the values from Tables 27 and 28, one obtains
*













Illustration of possible error in 
determination G.(H202) from slope 
of optical density vs. time of 
irradiation curve. Both curves 
and both tangents are possible, 










The 7-radiation chemistry of deaerated, dilate 
aqueous solutions of cinnoline has been studied using a 
62 curie Cobalt-60 source. The products of the radiolysis 
have been identified, and yields for each of the products 
have been calculated.
1. Cinnoline
G(-cinnoline) has been determined in aerated and 
deaerated solutions. In all experiments, destruction of 
cinnoline was linear with dose, and no effect of initial 
concentration on the G-values was found. The effect of 
added hydrogen peroxide caused a deviation from linearity 
for short irradiation times, but the curve was found to be 
linear at longer irradiation times with no effect on the 
G-value. Added bromide ion had the expected result of 
lowering G(-cinnoline).
2. Hydrogen
The yield of hydrogen gas was found to equal the 
primary yield for deaerated solutions. Higher yields were 
obtained for the aerated solutions.
3. Ammonia
Ammonia was found to be the principal nitrogen con­
taining product of the radiolysis, and its yield was measured 
in deaerated solutions. This yield was found to be constant 
with increasing dose up to 20% decomposition of cinnoline.
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4. Hydrogen Peroxide
Yields of hydrogen peroxide were measured in both 
aerated and deaerated solution and were found to be higher 
than primary in both systems. In neither system was a 
linear plot of production of hydrogen peroxide vs. dose ob­
tained .
5. Organic Products
The major product of the radiolysis (,~607o) was 
found to be a dimer of the cyclohexylethyl radical. Yield 
of this product were measured in both aerated and deaerated 
systems, and yields were found to be much lower in aerated 
systems, which indicates a change of mechanism in the process 
on adding oxygen to the system.
A minor product was identified as 1,4-dihydrocinno- 
line, and its yield was measured in the deaerated system.
Using the experimental data, a material balance was 
obtained which was internally consistent and consistent with 
known values for primary yields of active species.
A partial mechanism for the radiolysis of cinnoline 
in deaerated solutions was then postulated and shown to be 
consistent with the experimental evidence.
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G = molecules formed (or destroyed)/100 ev. absorbed.
- molecules formed during irradiation
dose x 100
Consider an irradiation which gives an observed change of 
Ac moles/1. during t minutes at a dose rate R ev/g/min.
Thus:
dose = R x t x W
molecules formed - Ac x V x No
d = density (W/V)
N q = Avogadro's number 
W = wt. of solution in g.
V = vol. of solution in 1.
s o :
Ac x V x Nn _
R x t x W x  100
_ Ac x Nn_________
R x t x d x 100
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APPENDIX II
Alternative Method for Calculating Increase of 
"G(-cinnoline) in Aerated Solution
In oxygenated solution the following reaction is 
known to occur:
H- + 02 -» HO 2 (1)
The reaction:
H02- + H 20 -» OH- + H 202 (2)66,67
is known to go under certain circumstances, but very infre­
quently. Thus it was not postulated as part of the reaction 
mechanism. If reaction 2 is accepted as possible, the net 
result is the conversion:
H- -> OH- (3)
Thus, in an oxygenated system, one would expect:
G(OH) = Gqh + Gh
= 5.8 (4)
New since it has been shown that 4.40 OH- are needed for 






Supplemental Work on the Determination of G ^ (HpO^)
In the period subsequent to the writing of this 
thesis, further measurements were made on determination 
of G^(H202) by measuring the concentration of hydrogen 
peroxide formed at very low dose.
-4
Consequently, two deaerated samples of 2.85 x 10 M 
cinnoline were prepared and irradiated, one for 5 min. and 
the other for 15 min. After irradiation, these samples were 
analyzed as described above (p. 45), and were found to have 
optical densities of 0.012 and 0.025, respectively.
These data were then plotted, along with the pre­
viously obtained data (Table 14), in Fig. 38. A tangent to 
this curve at the origin yields
G i (H202) = 4.74
with an experimental error of + 107..
This result gives excellent agreement between the 













Analysis of irradiated deaerated 
2.85 x 10"^ M  cinnoline solutions for 
hydrogen peroxide. O.D. vs. irradi­
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